Orthopedic implants are widely used to fix a bone or to replace the articulating surface of a joint. Implant surgeries are performed only by highly specialized and trained surgeons. It is quite important to develop a technique that can bond bone and implant materials directly. Laser processing with high energy density is an effective tool for bonding different materials in a very short time with a high positional accuracy. In this study, to investigate the possibility of laser bonding living bones and bioceramics, an in-vitro laser processing technique was developed for bonding a bovine cortical bone specimen with a ceramics composed of synthetic tricalcium phosphate (TCP) and MgO-Al 2 O 3 -SiO 2 -glass (TG ceramics). By irradiating the surface of the bone specimen with a laser beam, a microporous foam-like substance was generated that bonded the bone specimen with the TG ceramics in a manner similar to spot welding. The bonding strength was defined as the shear stress between the interface of the bone specimen and the ceramics specimen. It was found that the strength of the bond increased with an increase in the duration of laser irradiation.
Introduction
The CO 2 laser is a gas laser with a wavelength of 10.6 µm in the far-infrared spectrum. A high-powered CO 2 laser machine for medical applications was developed by Kumar Patel in 1968 (1) . When laser light is irradiated on biological tissue, most of the laser energy is absorbed by the water components of the tissue, and this rapid heating causes evaporation of the tissue (2) . The thermal effect of lasers on biological tissue allows them to be used for various medical applications such as tissue vaporization and incisions. In orthopedic treatment, high-powered CO 2 lasers are used for vaporization, incision, hemostasis, coagulation, nerve sutures, and pain relief. In general, CO 2 lasers are equipped to control its operating parameters such as power, pulse width, and frequency. Bioceramics of inorganic compounds are used in many types of medical applications such as implants, artificial teeth, and bones. Tricalcium phosphate (TCP) has biocompatibility with bone and skin tissue. Because its mechanical properties are much weaker and more brittle than metallic bone substitutes, TCP ceramics alone cannot be used in applications that are required to bear heavy loads. Their use is limited to low-load-bearing applications such as bone fillings and coatings (3) (4) . Kon et al. proposed a composite ceramics in which diamond particles are dispersed in TCP to enhance its strength (5) . Their study showed that the fracture toughness is more than three times that of TCP ceramics alone. Bioactive glass, which is now widely used for bone repair, was first developed by Hench et al. (6) and has been improved dramatically through further development (7) (8) (9) (10) (11) . The ability of a laser beam to focus high energy densities in a microscopic region facilitates the melting and bonding of compounds in remarkably short periods of time. Much research has been conducted on the laser bonding of ceramics (12) (13) (14) (15) , but the problem of cracks appearing in the vicinity of the laser irradiated area owing to rapid heating and cooling remains to be resolved. We have developed a sintered ceramics compound in which MgO-Al 2 O 3 -SiO 2 -glass is contained in TCP and have investigated the conditions of laser irradiation for preventing the formation of such cracks (16) .
In this study, to investigate the possibility of laser bonding living bones and bioceramics, an in-vitro laser processing technique was developed for bonding a bovine cortical bone specimen and a ceramics specimen composed of synthetic TCP and MgO-Al 2 O 3 -SiO 2 -glass (TG ceramics).
Materials and methods

Materials
The bone used in this experiment was collected from the cortical region of the thighbone of an adult ox (24 month old, male). After storage at -30 ºC, the bone was cut into specimens using a low-speed diamond wheel saw (SBT650, South Bay Technology, Inc., USA). The specimens were 10 mm wide, 25 mm long, and 1 mm thick. To determine the effects of the collagen components of the bone on the bonding process, the specimens were heated in 300 ml distilled water at 100 ºC for 30 h.
The ceramics specimen was made of TCP and MgO-Al 2 O 3 -SiO 2 -glass in order to prevent the formation of cracks and breaking of the specimen during irradiation by the laser. 20 .3 mol%, and SiO 2 57.6 mol %) was used as a binding material for TCP because of its low thermal expansion coefficient. Powders of TCP and MgO-Al 2 O 3 -SiO 2 -glass were mixed in 40-60 wt% proportions and were sintered at 1473 K for 90 min. The resulting ceramics specimens were 10 mm in diameter and 6 mm in thickness.
Laser irradiation
A CO 2 laser processing machine (ML2015VZ2-40CF, Mitsubishi Electric Corporation, rated power of 4 kW) was used for the laser irradiation. The emitted laser beam had a wavelength of 10.6 µm, and the intensity distribution of the laser beam was low at the center and high at the periphery, which is generally termed as TEM01* distribution (16) (17) (18) .
In the experiments where the bone specimens were bonded with TG ceramics, the laser beam was focused at a point approximately 20 mm above the surface of a specimen, as shown in Fig. 1 . The bone specimen was placed on TG ceramics, and both were fixed so that the specimen did not slip during laser irradiation. To prevent the oxidation of the fused region, the laser irradiated area (D) was bathed in a stream of argon gas through a processing nozzle (Fig. 1) . D can be calculated using equation (1), where Z is the distance from the focal point to the specimen surface: 
Fig. 2 Laser irradiation cycles
In the laser irradiation experiments, continuous and pulsed laser beams were used. Figure 2 shows the pulsed waveform. One cycle t consists of the "beam ON" time t 0 and the "beam OFF" time (t-t 0 ), repeated during the total irradiation time T. The schematic diagram in Fig. 2 indicates the proportion of the irradiation time in the total time of a single cycle t, where the duty d (d = t 0 /t) is an important parameter in quantifying the laser processing. For the experiments, the d value was varied in order to determine its effect, and on the basis of the results obtained prior to the experiments, the conditions listed in Table 1 were used in the various tests.
Observation of bonded specimen
To observe a cross-section of the bonded specimen, the central region of the laser-irradiated part of the specimen was cut using a high-speed cutter. The observations were made using a microscope and an energy dispersive X-ray spectrometer coupled to a scanning electron microscope (EDS-SEM, Shimadzu Corporation). As shown in Fig. 3 , a fill-up ratio F was defined as F = A/B (A: filled-up area and B: defect area) at the cross-section of the bone specimen. The value of F was calculated by observing the contour of the bonding substance using an optical microscope. The dimensions of the interface between the living bone and TG ceramics was approximated using the formula π(R/2) 2 ,
where R is the diameter of the interface. The EDS-SEM was used to measure the elemental composition. The EDS-SEM includes an X-ray detector and a spectrum analyzer that measures the energy of the X-ray emitted from the specimen and generates a spectrum of all its elements. To measure the bonding strength of the specimens bonded by laser irradiation, a digital force gauge DS2-50N (IMADA Co. Ltd.) was used. External force was applied in the axial direction of the bone specimen, as shown in Fig. 4 . A shear rate of 0.5 mm/s was used. Laser output: P (W) 500 500 100 to 500 500 500 500 500 500
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Results
Optimal laser parameters
In these experiments, Condition No. 1 in Table 1 was used. Figure 5 shows the relationship between d and F. The diagram shows that when d increases, cross-sectional area of the unfilled part remains generally unchanged while F increases sharply. Next, the relationship between the laser irradiation time T and F was investigated by employing Condition No. 2 in Table 1 ; results are shown in Fig. 6 . No bonding substance was produced at T < 0.3 s. At T = 0.5 s, 0.7 s, and 0.85 s, bonding substance was observed. However, again at T = 1.0 s, no bonding substance was observed because the bonding substance was removed by the excess energy. To identify the relationship between the laser output power P and the fill-up ratio F, we conducted experiments by employing Condition No. 3 in Table 1 . Figure 7 shows the results. F increases as the laser output increases.
In Figs. 5, 6 , and 7, the laser irradiation experiments were conducted using a specimen in each condition. The results show the influence of the laser parameters (duty, irradiation time, and laser output) on the fill-up ratio and cross-sectional area, and show the conditions necessary for F to become 1.0 when the cross-sectional region of the generated defect is filled with the bonding substance, as shown in Table 2 . 
Cross-sectional observation of interface
The variations in the structure of the irradiated cross-section with changes in the laser irradiation time T were observed, and the results are shown in Fig. 8 . For this experiment, Condition No. 4 in Table 1 was employed. At T = 0.3 s, a defect was created in the bone specimen, and the TG ceramics surface was melted. At T = 0.5 s, a whitish bonding substance was present in the laser-generated defect, and this bonding substance filled a part of the defect in the bone. At T = 0.7 s, the region filled with bonding substance increased in area. Figure 9 shows the progression of the changes in the laser-generated defect (bonding region) with the formation of the bonding substance. Thus, first, irradiation with the laser beam created a defect in the living bone (b). Next, the TG ceramics melted (c). Finally, continued irradiation by the laser beam caused the whitish bonding substance formation to fill the defect in the bone specimen (d).
Further details of the interface between the living bone and the bonding substance that was produced were observed using the EDS-SEM. Figure 10 shows images of the interface, under Condition No. 5 in Table 1 . At the interface of the bonding region, the bonding substance had penetrated into the surface of the living bone. The bonding substance showed air bubbles of widely varying sizes, from 100 µm size to 10 µm, as well as smaller sizes.
The next measurements focused on the bonding strength between the living bone and TG ceramics. Figure 11 shows the results obtained under Condition No. 6 in Table 1 with the resulting specimens (n = 3 at every T). The results indicate that specimens subjected to longer laser irradiation times produced higher strength values. In every shear test we conducted, the fracture occurred at the interface. As shown in Fig. 6 , the fill-up ratio F was 1.0 at the irradiation times T 0.7s and 0.85s. However, Fig. 11 shows that the shear strength increased as T increased. The reason for this is that the bonding area increased with the irradiation time.
The elemental components of the bone specimen, the bonding substance, and the TG ceramics were determined following the experiments, and Fig. 12 shows the values obtained under Condition No.7 in Table 1 . The results show that the bonding substance contains an amount of Ca that is similar to that of the living bone. It also contains Mg, Al, and Si, which are components of MgO-Al 2 O 3 -SiO 2 -glass. This study confirmed that the bonding substance that was produced is composed of a mixture of the components of the bone specimen and the TG ceramics. 
Test results for boiled bone specimens
Based upon a previous study that reported that the heating of bone dissolved collagen (18) , the bone specimens were boiled in distilled water at 100 ºC for 30 h. Figure 13 shows the chemical components of the bone specimens before and after boiling, as obtained using an EDS-SEM. As can be seen in the figure, many changes took place in the composition of the heated bone specimens. Testing of the bonding of the bone specimen and TG ceramics was conducted with both unboiled and boiled bone specimens. Figure 14 shows that for the boiled bone specimens under Condition No. 8 in Table 1 , the fill-up ratio was much smaller than it was for the unboiled bone specimens.
Discussion
This study confirmed that it is possible to create laser-induced bonding between living bones and TG ceramics. First, laser irradiation produced a circular defect in the bone specimen, and after passing through this defect, the laser beam directly melted the surface of the TG ceramics. A whitish foam-like substance was then generated that filled up the defect in the bone specimen. The high degree of porosity of the substance enabled the formation of a strong bond between both the materials.
A past study on foamed glass reported that gas blown into melted glass creates air bubbles in the glass (19) . The present experiment produced a similar phenomenon, with the collagen and MgO-Al 2 O 3 -SiO 2 -glass being the key components. It was considered that the gas generated by the disintegrated collagen components in the bone was blown against the melted MgO-Al 2 O 3 -SiO 2 -glass in the TG ceramics, which accounts for the porosity in the bonding substance. In this study, we attempted to bond a living bone with TG ceramics using a CO 2 laser. A number of research efforts have investigated the medical and biological impact of thermal necrosis and the effects of a bonding layer on living tissue. Sasaki et al. reviewed the impact of surgical lasers on parietal cells and found that, after exposure to laser irradiation, the stomach wall consisted of the following four layers: one showing complete necrosis, one with partial coagulation necrosis, one showing incomplete degeneration, and one healthy layer (20) . The fact that blood vessels remained in the layer showing partial coagulation necrosis suggests that a normal vascular structure would be regenerated. The safety of surgical lasers has also been reviewed by Takizawa et al. with regard to the use of surgical CO 2 lasers in cerebral surgery (21) . It was found that, depending upon the laser parameters and the type of the laser system used, the total depth of thermal necrosis produced by CO 2 laser irradiation is less than 50 µm. Yonezawa et al., who studied the application of lasers to living bone, concluded that bone tissue, when cut with laser irradiation, could be classified into four layers (22) . Zone 1 was a zone of carbonized material, a carbonized necrotic layer containing a small amount of TGP. Zone 2 was a fuchsinophilic zone consisting of bone cells that had undergone degeneration and loss. Zone 3 was a normally stained zone consisting of both normal and degenerated bone cells. Zone 4 was transitional zone, a layer in which the transition to normal tissue could be seen. Gertzbeim et al. reported that the adhesion strength of bone cut with lasers was similar to that obtained by conventional bone cutting methods (23) . It has also been shown that He-Ne laser irradiation of fractured bone segments enhances bone formation, and that stronger bone adhesion is achieved by exposing grafted bone to laser irradiation (24) . In the present study, the laser beam produced a heat-affected zone on the edge of the hole of bone specimen, as shown in Fig. 8 . The abovementioned studies regarding the application of lasers to living tissue suggest that such heat-affected zones would later regenerate, even though they contain a necrotic area. The necrotic area in the heat-affected zone of the bone specimen may have the capacity to regenerate.
Conclusions
In this study, we attempted to bond a bovine cortical bone specimen with a ceramics composed of TCP and MgO-Al 2 O 3 -SiO 2 -glass (TG ceramics) by laser irradiation. A foam-like bonding substance was generated by the irradiation of the laser, and owing to its porosity, the substance was able to penetrate into the bone specimen interface, forming a bond between the bone and TG ceramics. The strength of the bond between TG ceramics and the bone specimen increased with an increase in the duration of laser irradiation.
